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1. INTRODUCTION

This report presents the results of 47 self-boring pressure-
meter tests (SBPT's) performed in the ENEL-CRI *9' calibration
chamber (CC). The tests were performed in dry and saturated
Ticino and Hokksund sand. Pressuremeter tests were performed
with the probe in-place during sample preparation (1adeal in-
stallation-) and with the probe self,-bored into the saturated
sand.
The purpose of the testing was to evaluate the performance of
the self-boring pressuremeter (SBP) probe under strictly
controlled laboratory conditions and to critically review
existing interpretation methods of the SBPT in sands. The SBP
probe used in the study was the Camkometer Mark VIII
manufactured by Cambridge In-situ Ltd., England.

F

2. TEST EQUIPMENT

2.1. Calibration Chamber (CC)

The ENEL-CRIS calibration chamber was designed to calibrate and
evaluate different in-situ testing devices in sands under
strictly controlled boundary conditions.
A complete description of the chamber is given by Bellotti et
al. (1982). The equipment consists of a double wall chamber, a
loading frame, a mass sand spreader for sand deposition and a
saturation system. The chamber can test a cylindrical sample of
sand 1.2 m (3.9 feet) in diameter and 1.5 m (4.9 feet) in
height.
A schematic cross-section of the ENEL-CRIS calibration chamber
is shown in Figure 1.
The sample is confined laterally with a flexible rubber
membrane surrounded by water through which the horizontal
stresses are applied. The bottom of the sample is supported on
a water filled cushion resting on a rigid steel piston.
The vertical confining stress is applied through the water
filled base cushion and vertical deflection of the sample is
controlled by the movement of the base steel piston. The top of
the sample is confined by a rigid top plate and fixed beam.
The double-walled chamber allows the application of a zero
average lateral strain boundary condition to the test sample by
maintaining the pressure in the double-wall cavity equal to the
lateral pressure acting on the sample membrane.

(*) ENRL - CRIS: Italian National Electricity Board - Hydraulic
and Structural Research Center.
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The axial and lateral confining pressures can be varied
independently so that the ratio of the applied horizontal

stress (oh) to the vertical stress (av) can be maintained at
any desired value.

A schematic cross-section of the CC loading system is shown in

Figure 2.

2.2. Self-boring Pressuremeter

The SBP probe used in the study was the Camkometer Mark VIII
manufactured by Cambridge In-Situ Ltd., England. A schematic

outline of the SBP probe is given in Figure 3.
The SBP probe is essentially a thick walled steel cylinder with
a flexible membrane attached to the outside. The instrument is
advanced into the ground as the soil displaced by a sharp
cutting shoe is removed up the center of the probe by the
action of a rotating cutter inside the shoe. The cuttings are
flushed to the surface by water or drilling mud which is pumped
down to the cutting head.
The cylindrical adiprene membrane used in this study was 82 mm
in diameter and 490 m in length, corresponding to a length to
diameter ratio (L/D) of approximately 6. The adiprene membrane
was designed to be flush with the body of the probe. An outer
flexible protective membrane with stainless steel strips
("chinese lantern") can be placed over the adiprene membrane
during penetration and testing in dense or abrasive soils.
Once the instrument is at the desired test depth, the membrane
is expanded against the soil using pressurized N2 gas. The
radial expansion of the membrane is measured at the mid-height
of the membrane by three pivoted levers, called strain arms.
The strain arms are located at 120 degrees around the
circumference. The strain arms are kept in light contact with
the inside of the membrane by strain gauged cantilever springs
(Figure 3). Individual and average readings were taken of the
three strain arms. The sensitivity of the strain arms was
approximately 0.02 mm/mV.
A strain gauged total pressure cell (TPC) is located inside the
probe to measure the inflation gas pressure. Two strain gauged
pore pressure cells (PPC) are also incorporated into the

membrane. The sensitivity of the PPC and TPC was approximately

8 kPa/mV.
The data from all six transducers (3 strain, 1 total pressure,

2 pore pressure) was collected by the original data acquisition

system consisting of a data capture unit, and a thermal paper
printer with the addition of a cartridge equipped HP 9825
computer and a wider paper tape printer. The output was also
recorded on a four channel Y-T chart recorder and an X-Y
plotter for simultaneous plotting of raw data (Fig.2).
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3. TEST SAND

Two natural sands have been tested; Ticino sand from Italy and
Hokksund sand from Norway. Both sands have a uniform gradation
and are medium to coarse grained with a mean grain size,
D50=0.53 mm, and 0.39 mm for Ticino and Hokksund sand, re-
spectively.
General characteristics of the sands and grain size
distributions are given in Fig.4.
A detailed description of the physical properties of the two
sands is given by Baldi et al. (1985).
During the course of the testing different batches of Ticino
sand were used. However, each batch was tested to ensure
consistent grain size characteristics.

4. TEST PROCEDRES

4.1. Sample Formation

All test samples were prepared by pluvial deposition of dry
sand in air using a gravity mass sand spreader (Jacobsen,

1976). A schematic representation of the mass sand spreader is
shown in Figure 5.

The pluvial deposition method has the following advantages;
good repeatibility

wide range of obtainable relative densities

(20% s DR & 98%)
• good homogeneity of sample
* cost effectiveness.

The homogeneity of the samples is generally good although
somewhat erratic for medium dense specimens (40% s DR s 60%).

Full details concerning sample homogeneity is given by Baldi et
al. (1985).
Sample formation is performed in one operation and the sand
container holds enough sand necessary for specimen preparation.

4.2. Probe Installation

4.2.1. Ideal

To evaluate and avoid the influence of the self-boring
installation on the pressuremeter results a series of tests
were performed with "ideal installation".

For ideal installation the probe was placed in the CC before
sample formation. A schematic outline of the ideal installation

procedure is shown in Figure 6.



08

The SBP probe was placed in the center of the CC with the mid-
height of the membrane approximately 65 cm (25 inches) from the
sample base. A protective cylinder was placed above the probe
and extended up to the base of the sand container (see Fig.6).
This was done to avoid sand falling onto the top of the probe
during sample formation.

4.2.2. Self-bored

To simulate field self-boring conditions a series of tests were
performed with the probe self-bored into the CC. A schematic
outline of the self-bored installation procedure is given in
Figure 7.
The sand samples were first formed using pluvial deposition and
then saturated with de-aired water. Full details of the
saturation procedures are given by Bellotti et al. (1982). The
probe was self-bored into the CC using water as the flushing
fluid. Drainage was generally allowed at the base of the
sample. A summary of the installation conditions during self-
boring is given in Table 1.
Installation was performed with various boundary conditions in
order to evaluate their influence on the test results (see
Table 1).
A small vacuum (5 t/m2) was applied to the inside of the SBP
probe to maintain the adiprene membrane in close contact with
the body of the probe.
The cutter speed was generally maintained at a rate of about 60
revolutions per minute. The distance of the cutter from the
leading edge of the cutting shoe was varied from about 1.9 cm
(0.75 inch) to 5.4 cm (2.13 inches). For the tests in dense
sand the adiprene membrane was generally protected by using the
chinese lantern. The size of the cutting shoe was adjusted to
be the same diameter as the membranes.
The probe was advanced into the CC at a rate of about 3 cm/mn.
(1.18 inches/min).
A flowmeter was used to monitor the flow rate of the flushing
water sent to the cutter. The flow rate was generally about 9
to 12 lt/min. The flow rates from the probe and calibration
drainage lines were also monitored. During the installation,
the CC pore pressures and boundary stresses and strains were
monitored. All the sand flushed out from the CC during
installation was carefully collected and weighted (oven-dry).

4.3. Sample Stresses

Following sample formation and probe installation, the sample
was subjected to one-dimensional consolidation under conditions
of no average lateral strain (i.e. Ach - 0). Normally
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consolidated (NC) and mechanically overconsolidated (OC)
specimens were reproduced.
During the loading and unloading consolidation phases, changes
in vertical effective stress (a,) and the corresponding
vertical strain (ev) were recorded. This allowed the
calculation of the constrained modulus (NO) and the coefficient
of earth pressure at rest (Ko).
A summary of the general CC conditions at the end of
consolidation is given in Table 2.
An example of data collected during a typical sample stressing
is given in Figure 8.
During the SBPT the sample boundary conditions could be
controlled.
A summary of the possible boundary conditions is given in
Figure 9.
The boundary conditions applied during each pressuremeter test
are given in Table 2.
The most common boundary condition applied was constant
vertical (ov = constant) and horizontal (oh = constant)
stresses (BCI).

4.4. Pressuremeter Expansion

After sample stressing and the self-boring insertion when
appropriate, the pressuremeter test was performed by expanding
the membrane to a maximum cavity strain (co) of about 10%.
Cavity strain is defined in terms of circumferential strain;

to A ... (1)O Re

where:
Ro  = initial cavity radius
AR - increment of cavity radius.

Generally, before the beginning of the expansion phase, a
relaxation time ranging between:

* 30' to 60' in tests with ideal installation
* 60' to 180' in tests with self-boring installation

was allowed.
Only strain controlled tests were performed using an electronic
Strain Control Unit (SCU) supplied by Cambridge In-Situ Ltd.
The SCU automatically adjusts the expansion pressure as a
function of the output from the strain arms.
Constant strain rates of O.1%/hour up to 2% per minute can be
achieved. Generally, tests were performed at a strain rate of
about 1%/minute.
Generally, during each expansion phase, two or three unloading-
reloading (UR) loops and, during the contraction phase, one or
two reloading-unloading (RU) loops were performed. The strain
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amplitude for each UR or RU loop was maintained constant and in
the order of 0.1 to 0.2%.
An example of a typical pressuremeter test result is shown in
Figure 10.
Typical pressuremeter tests show the average strain for the
three strain arms. The average strain is calculated at any
instant in time as the numerical average of each strain arm
measurement.
A summary of the probe and chamber conditions for the tests
using self-bored installation is given in Table 3.
Data from all transducers in the SBP probe were stored on
computer cassettes and printed in digital form on a paper tape
printer. After each test the basic data was processed and
corrected for membrane stiffness. Examples of the computer
generated plots are given in Appendix I.

5. TEST RSULTS

A complete listing of all the test results is given in Appendix
II.

5.1. Initial Norizontal Stress

It is generally postulated that, if the SSP probe is inserted
into the ground with minimum disturbance to the surrounding
soil, the total horizontal stress (Oho) existing in the soil
prior to insertion can be measured. The aho is measured by
recording the corrected SBP cavity pressure (po) causing "lift-
offw of the pressuremeter membrane. This postulation should be
especially valid in the case of the 0ideal-installationO used
in the CC for test No.201 to 236, inclusive and No.262 and 263.
Table 4 presents a summary of lift-off stresses for each strain
arm. The lift-off stress was determined from a visual inspec-
tion of the early part of the expansion curve.

5.1.1. initial Borisuatal Stres: Ideal Installation

Examination of the results in Table 4, for ideal installation,
shows that the measured average lift-off stress (p.) is often
significantly different than the applied boundary stress (Ohe).
Figure 11(a) presents a comparison of the measured average
lift-off stress and the applied boundary stress for the tests
with ideal-installation.
The average lift-off stress is defined as the observed "lift-
off" from the cavity expansion versus average strain plot, as
shown in Flg.1O. This lift-off is generally very close to the
first lift-oft of one of the arms.



rhe reasons for the differenes are not clear btut sty re 'tased
by one or more of the following;

a. stress concentration around the riqid h-P prcbe l ring

one-dimensional stressing,
b. mechanical compliance of the strain arms,

c. arching effects caused by the presence A sn snnLoAs .)t
looser sand around the iSP probe.

In the field. the possible existance of anisotropic stress

fields (Dalton and Ha kins 11482)) should also be onsilered,

but this possibility oess not exist in the trraxal C ests.

5.1.z. veluattom of Stream Conmmtration

rho possib lity of stress 7oncentrations tr.und he pi te .n

the CC durinq the consolidation staqe oas ,nvest jated usinq t
riqid selt-borin Ko-cell manufactured by i'mvbridqe :n-sirua

Ltd. The K -cell has the same diameter as the iSP probe and

consists o? a rigid steel 7ylinder with a wo-cell mounted flush

on one side. The K -cell is strain-qauqed and >perated on i

null-indicator prnCripIe. ;as pressure 3n the inside f the

cylinder is constantly adjusted to ensure no lateral strain 3f

the Ks-cell.

One test was performed CTest W22e) using the g -oell with

ideal-installation in the CC. Tre test was carried out using

Ticino sand at a DI 6O%. The sample w4s stressed under

boundary conditions IW J up to a stress of -h 0il 2 
iand

avo " 6.2 k/cu 2 . A comparison between the applied horizontal
strem (a ) nd the measured stress (Ph) record with the g o

cell is s= in Figure 12.

The results from this special test indicate that there is

little or no stress concentratlon around the S&P probe after

ideal-installation in sand in the CC. A coarison between the

I -cell results and the SFW probe results is also included in
11.

5.1.3. Mo~miasl 05ilami * Stue Arhm
The problem f m eical cm*lace s the strain arms has
been investigated in detail. The first indications of this
phniomes eerged durilg SMP tests performed at severel ItalLan
clay and sand sites using the sae SUP ealipment used in this
study [Ghionna et &l. (1963). Jamiolkowsli et &1 lS),
B~russi at &1. (19816)).

The following obser ations emerged from the field tests.
a. the *lift-oft pressures froe each strain arm were

almost alweys different. This occured ewes in soil

deposits for which it was difficult to justify. base"

on geologic history, the presence of afisotropic
horiLsontal in-situ stresses.
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b. the differences between the three measured "lift-off"

pressures tended to increase with increasing soil
stiffness and ambient in-situ soil stress.

These observations indicated a possible problem due to
mechanical compliance of the strain arms. These problems where

further confirmed during the CC testing when the following
observations were made;

* despite the *ideal installationO of the SBP probe and
the simple stress history of the CC specimens, different
"lift-off' pressures were recorded for each of the three
strain arms. The difference was more pronounced in the
qtiffer samples,

. during the sample stressing with the probe installed,
apparent inward movement of the strain arms was recorded
when the radial chamber stress was increased and
apparent outward movement when the chamber stress was
decreased. An example of this phenomenon is shown in
Figure 13.

rigure 14 presents the results of the initial portion of
expansion curves recorded with each strain arm and with the
averaged strain for a test with pronounced mechanical
compl iance.
The mechanical compliance of the strain arms tends to confuse
the initial part of the expansion curves and makes the

detection of the lift-off pressure uncertain.
The detection of the lift-off pressure becomes more difficult
with increasing stiffness of the surrounding soil because the
slope of the initial portion of the expansion curve becomes
very steep.
In an effort to eliminate or at least reduce the mechanical
compliance the three strain arms were modified.
& comperison between the oriqinal and modified strain arm
deigns is sh in Figure 15. The modified arms had the
following major changes;

* the body of the arms were ode thicker and stiffer and
were machined from stainless steel instead of the
original brasa,

* the aligmt of the pivots and arms with respect to
their seats on the probe body were improved.

* the pivots were modified by using precision miniature
bearings.

All the tests from *Ills onwards used a SOP probe with the

modified strain arms.
Pigure 11(b) shows a comperiam between the measured average
lift-off stress (with mlfied arm) and the applied chamber
stress fee the remsiniig CC tests vith ideal-installation. The
reMts indicate that the mdificetims to the strain am have
iamimised to em extent the mechanical compliance but have not
coletely removed the probles.
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At pesent, based on the CC results using ideal installation it
appears that the strain measuring system in the existing
version of the Cambridge In-Situ Ltd., Cankometer (Mark VIII)
requires radical changes in order to improve the precision of
the measured lift-off pressures, especially in stiffer soils.

5.1.4. Evaluation of Arching Effects

The possible problem of arching around the SBP probe has not
been directly investigated. The experience gained in the
evaluation of sample homogeneity of pluvially deposited CC
samples (Baldi et al., (1985)] indicates that DR tends to
increase slightly towards the center of the sample. However,
this experience refers to samples formed without the SBP probe
installed inside the CC.

5.1.5. Initial Rorizontal Stress: Self-Bored Installation

Figure 16 compares the measured average lift-off pressures
against the applied boundary stress (Oho) for the CC tests with
self-boring installation. In almost all cases the measured
average lift-off stress is less than the applied stress and
often close to the water pressure in the CC. This indicates
significant sample disturbance during the installation,
especially in loose and mdium dense samples.
The ratio between the average lift-off stress (po (AV)) and the
applied boundary stress (Oho) for the self-bored installation
is:

p0 (AV) - 0.47 ± 0.28 ... (2)

Oho

Table 4 presents a summary of the individual lift-off pressures

for each strain arm. Examination of Table 4 shows that, for the
self-bored installation, the variation between lift-off
pressures from the individual arms in extremely large.

Because sands are generally stiff in comparison to soft clays,
the measurement of in-situ stress in sands is extremely
difficult.
A slight outward disturbance during self-boring will tend to
produce an overestimate of sho. A slight inward disturbance
during self-boring can cause the sand around the probe to arch
and produce a significant underestimate of Oho.

Based on the CC results, it appears that the measurement of in-
situ stresses in sands using the self-boring pressuremeter is
extreelly sensitive to disturbance.
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5.2. Shear Modulus

The evaluation of deformation characteristics of soils from the
results of a SBPT is usually linked to the assumption that the
probe is expanded in a linear, isotropic, elastic, perfectly
plastic soil. With this assumption the soil surrounding the
probe is subjected to pure shear only. This holds true
provided the applied pressuremeter cavity effective stress (p')
stays below the yield stress (p,) of the soil element adjacent
to the cavity wall. The values of pl in a purely frictional
Coulomb material is given by the formula (Baguelin et al.
(1978):

= pL (1 + sin )... (3)

For the range of effective cavity stress p" < p's pl, the
expansion curve should have a constant slope dp/de, = 2 Gi
(Baguelin et al. (1972, 1978)
where:
Gi = initial shear modulus of tested soil, see Fig.17

The above is true for SBPT's performed in an infinite medium
(i.e. in-situ). However Fahey (1980) demonstrated that because
of the limited dimensions of a CC the initial slope of
expansion curves obtained in the CC tend to be sligthly too
small. In this study, the effect of the limited dimensions of
the ENEL CRIS CC has only a minor effect, resulting in a
reduction of less than 3% on the measured values of G.
The definition of Gi given above implicity incorporates the
following simplified assumptions:

a. The length (L) to diameter (D) ratio of the probe is
sufficiently large to ensure deformations of the
surrounding soil occur in plane strain conditions
(dZ = 0).

b. The expansion proceeds with no volume change in the
surrounding soil mass (i.e. linear, isotropic elastic
material).

c. All soil elements surrounding the expanding cavity have

the same stress strain characteristics.

The first assumption (a) appears reasonable for the Camkometer
probe used in this research, where the L/D-6. The other
assumptions (b) and (c) are both stri'ctly linked to the
hypothesis made about the stress-strain relationship of soil.
Both assumptions require that the effective stress path (ESP)
projected on the horizontal plane should have a shape as shown
schematically in Fig.lS. In reality because of, the strain non-
linearity, elastic anisotropy, and work hardening plasticity,
etc., the behavour of sands deviates from that of the
isotropic-elastic perfectly plastic material so that volume



15

changes occur even during the early stage of the expansion. A
more realistic ESP, as obtained by Manassero (1987), is
qualitatively also shown in Fiq.18. Comparison of the two
stress paths shown in Fig.18 clearly indicates that beyond the
initial elastic stage (point 1') the mean effective stress (a;)
in the soil surrounding the expanding pressuremeter probe is
not constant and consequently the volumetric strain cannot be
equal to zero.

Since the modulus (Gi) can only be determined with validity
from the very early part of the expansion curve the value is
very sensitive to disturbance.
An alternative to the assessment of Gi from the initial part of
the expansion curve is to evaluate G from correctly performed
unloading-reloading (GUR) and reloading-unloading (GRu) loops
as illustrated in Fig.17. According to Wroth (1982) the
amplitude of the unloading should be performed in such a manner
as to avoid the failure of the soil at the cavity wall in
extension. For an isotropic-elastic, perfectly plastic material
the magnitude of the effective cavity stress change (Ap')
during an elastic unloading should therefore not exceed the
following:

Ap, 2 sin OPS (4)
1 + sin #PS

where:

#PS = friction angle under conditions of plain strain
p = effective cavity stress at which unloading loop starts.

The slope of the secant within the loop, (see Fig.17) is again
equal to 2 GUt or 2 GM. Both GU and GRU represent an
"elastic" shear stiffness of the tested sand. Within the
framework of elasto-plasticity it can be demonstrated that
during a drained test any unloading of the expanding cavity
wall will bring the surrounding soil below the current yield
surface. Inside this yield surface, (see Fiq.19) the strains
are small and to a large extent recoverable.
In addition to the above mentioned moduli (Gi, GUR, GRU) it is
also possible to evaluate directly from the expansion curve
the secant pressuremeter modulus Ga, as shown in Figure 17. The
assessment of Go is also based on the assumption of an elastic
soil behaviour which, except for the ve-,-y early part of the
expansion curve where Go - G, and during unloading-reloading
cycles, is conceptually not true.
Despite the lack of a clear physical meaning, Go is frequently
incorporated in the empirical design rules for shallow and deep
foundations in France (aguelin et al. (1978)).
Table S reports the values of Go computed at cavity strains
equal to 0.5%, 1.0% and 1.5%.
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Values of GUR for the different unloading-reloading cycles are
given in Tables 6 to 9. Values of GRU for the reloading-
unloading cycle are given in Table 10.

In all soils, and especially in sands, the early part of the
self-bored pressuremeter curve is strongly influenced by
disturbance due to the installation. Therefore, Gi and Gs are
also strongly influenced by disturbance. On the other hand, GUR
and GRU are almost completely independent from the initial
shape of the expansion curve and hence, independent from
disturbance.
Despite this advantage, there is still the problem of how to
apply the measured GUR and GRU values in engineering design.
This requires some assessment of the average stress and shear
strain levels relevant to the measured moduli [Robertson
(1982). As with all boundary value problems this is difficult
to assess and requires a number of simplifying assumptions.

Concerning the relevant stress level, existing pratice has been
to refer GUR to the average stress existing around the
expanding pressuremeter probe. This average stress may be
either the mean octahedral effective stress [Robertson (1982)]
or the mean value of the plane strain effective stress [Fahey
and Randolph (1984)].
In this study the latter stress will be adopted.
When a value of the reference stress has been selected, the
following tentative procedure can be used to relate the
measured GUR and GRU values to any level of effective stress:

Consider the value of GUR corresponding to a given value
of the double shear strain amplitude of the cycle
(A7 = 79 - 7A) and to the effective cavity stress from
which the cycle starts (pcf), see Fig.19 and Tables 6
through 10.

Compute the weighted average of the current effective
stress (pAy) existing around the SDP probe at p ,
adopting an appropriate constitutive equation:

PAV - X PC ... (5)

For elastic perfectly plastic material, referring to the
average stress on the horizontal pl.-ne existing in the
plastic zone (rc s r s P ), the parameter x can be
computed from the followlng equation, see also Appendix
Ill:
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(~1-sinoPs~ ;l(+sin PS) -- (6x .. . (6)

•[ -sin ]PS, 2 P P 2[~~1-1Oo (1+sin , -

where:
ao= initial effective horizontal stress. In a high

quality SBPT o should be closed to the measured
effective lift-off pressure p.

I - sin OPS
- 2 sin P (7)

2 sin OPS
2 + ... (8)

r = radial distance from center of cavity
Rp= radius of plastic zone
rc= radius of cavity when cavity pressure = p

In practice the true value of a o is generally unknown,
therefore, the assessment of x is made by introducing
into the above formula the measured value of p,.
The values of x computed for each SBPT performed in the
CC are given in Tables 6 through 10 together with the
corresponding values of PAV"
The use of the relationship, pAV = x pc, is correct
provided the following condition is satisfied:

,. ~ ~p, > a~o (I + sin OPS) . 9

If this condition is not fulfilled the PjV should be
assumed equal to uoo M p;-

Once the PjV is assessed it is possible to compute the
modulus number K0 from the following empirical formula
proposed by Janbu (1963):

fPjv n
mUR - P'I a j (10)

where:
- modulus number

n - modulus exponent
pa - reference stress, usually pe - 90.1 kPa

PV - average effective stress around the probe

. . . . . .. . .. . .. . .. ..... ... ... .... .... .... .... .. -,b _ .. . ... .. ... .. . . .. S



For sand, the modulus exponent is generally within the
range of 0.4 to 0.5, with a slight tendency to increase
with increasing level of strain [Wroth et al. (1979).
Knowing the value of KG it is possible to compute the
shear modulus G for any desired stress level.

Following the procedure outlined above, the measured GUR and
GRU values for each cycle have been referred to the effective
horizontal stress aAo applied to the boundary of the CC
specimen, assuming n=0.43 as obtained by Lo Presti (1987). The
corresponding values of GURo and GRUo are given in Tables 6
through 10.

The same tables also show the values of maximum dynamic shear
modulus (GO) obtained from resonant column tests performed by
Lo Presti (1987) on pluvially deposited Ticino sand. The value
of Go corresponding to each SBPT has been computed using the
following empirical equation based on the experimental data
obtained by Lo Presti (1987):

Go = 647.0 ( ho 10.43 (2.27 - e) 2  ... (11)

I Pa l+e

where:
e = void ratio of the sand in the CC (*)

Pa - reference stress = 98.1 kPa

In order to make a meaningful comparison between the GURO and
GO values it is necessary to consider other factors influencing
the deformation characteristics of sand. Among them, the most
relevant is the strain level. Each cycle is characterized by
the double shear strain amplitude (6T) at the cavity wall
where:

A7 m 7B - 7A = 2 (eoB - eoA) ... (12)

Values of 67 are reported in Tables 6 through 10.

The maximum shear modulus Go corresponds to a shear strain

level less than 10-4%, which is two orders of magnitude smaller
than the strains at which %R and G u have been measured. In

order to be able to compare G. aqainst GUR, at the same strain

level, it is necessary to use a relationship which can match
the decay of G with increasing 1. The simplest solution is

offered by the well known hyperbolic stress-strain relation in
the form proposed by Hardin and Drnevich (1972):

(*) Computed assuming the specific weight of the tested sands3 3o
26.35 ku/a and 26.72 kN/a for Ticino and Hokksund sands,
respectively.
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G _ 1 _ 1 .. (13)
G 1L
Go 1 + 7_. 1 + GO

r max
where:
G = shear modulus
k = shear strain

Tmax = maximum shear stressma = reference strain = G o

tmax

Referring to the SBP unloading-reloading cycle and relating the
above given hyperbolic formula directly to the modulus number
(KG), one gets:

G 1
UR _(14)

Go 1 + Go A _AV

2 aao sin OPS

and therefore:

K0 = K._ (aAo)inU R -no + KG. [ h 6AV ... (15)Go 2 aO sin OP S

where:
= modulus number related to the maximum dynamic shear

FG0
modulus

K_ = modulus number as computed from GUR, see equation

(10)
aTAV = average strain in the plastic zone around the expanding

probe
no  = modulus exponent related to the maximum dynamic shear

modulus, Go
nUR = modulus exponent related to GUR, see equation ...(10)

Referring to the data given in Tables 6 through 10 and
assuming:

" A7AV 0.45 Ay, see Robertson (1982)
Sn o  =nuR = 0.43
* Oo -boundary stress applied to the CC specimen,

one can assess, extrapolating using the hyperbolic stress
strain relation, the value of KG and hence compute;

GSBP - f (G, , ... (16)0 R 67,n 0Ao)
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For the available tests in this study this approach gives, for

the 1st and 2nd unloading-reloading cycles, the following:

Go
1.3 s - S 1.8 ... (17)

GSBP
0

where:
Go  = maximum dynamic shear modulus as measured in the

resonant column tests
GSBP = maximum dynamic shear modulus assessed from GU.
0 R

The lack of coincidence between Go and GSBP be due to the
o maybedet th

following:

* The oversimplified and approximate nature of the
procedure used to obtain GSB P from GU.

* The influence of the number of unload-reload cycles on
the shear stiffness of sands. Values of GUR have been
measured during a single unloading-reloading cycle.
Therefore the extrapolated GSBP values should be

0
referred to the ist unload-reload cycle while the
resonant column Go has been measured after thousands of
unload-reload cycles. For the given level of shear
strain amplitude this factor can be expected to be
responsible for differences between Go and GO  of up to
about 10 to 20 percent.

* The pluvially deposited sand tends to exhibit an
anisotropic behaviour. Within the framework of the
theory of elasticity for transverally isotropic soils,
the available shear moduli can be defined as follows:

GUR = GHH = shear modulus for shearing in horizontal
direction

Go = GVH - shear modulus for shearing in vertical
direction

However this factor does little to justify the observed
differences between Go and GSBP. The results of large

0
scale tests performed by Stokoe and co-workers (Knox
(1982, Stokoe and Ni (1985), Lee (1986)] indicate that,
in sand the velocity of the horizontally polarized shear
wave (VH1s) is 1.1 to 1.15 higer than the vertically
polarized shear wave velocity (v5 ). This data indicates

a GIH/GVH ratio ranging between 1.2 and 1.3, therefore

suggesting GSBP > Go .
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5.3. Shear Strenqth

Theoretical methods for the determination of the peak friction
angle (0) of sands from pressuremeter test data have been
proposed by several authors; i.e. Gibson and Anderson (1961),
Ladanyi (1963), Vesic (1972), Hughes et al. (1977), Robertson
(1982) and Manassero (1987). Each method relies on a model for
the sand behaviour. Most of the above methods consider that
sand has a constant friction angle at failure. However, not all
methods allow for the fact that sand changes in volume during
shearing.
In Ladanyi's method the volume change is considered to be
constant at the point the failure stress ratio is reached. This
volume change is introduced into the assessment of the friction
angle by a trial and error method.

Vdsic's solution uses the results of laboratory tests directly
to determine volume change. However, the problem of determining
the appropriate laboratory density to perform the tests, is not
easy to resolve. Also, the laboratory tests may not produce
reliable volume change behaviour because the in-situ structure
and fabric cannot be reproduced in the laboratory.

The solution developed by Hughes et al. (1977) relies on the
fact that the volume changes are occurring during the expansion
of the cavity and the amount of volume change (dilation) is
closely related to the current friction angle developed. This
approach brings together the stress dilatancy concept of Rowe
(1962) and the observed behaviour of sand in simple shear, as
for example, observed by Stroud (1971).

Figure 20 shows typical results of simple shear tests on sand
conducted by Stroud (1971) and the ideal soil model assumed in
the method by Hughes et al. (1977).
In the method proposed by Hughes et al. (1977), it was shown
that:

log _R + n+ . log (P-uo) + constant ... (18)(O 2 1-N
where:
Ro  = initial radius of pressuremeter
AR - change in radius of pressuremeter

AR/Ro = cavity strain, e0
c = intercept shown on Fig.20 (c) and (d)
p - total pressuremeter cavity stress
Uo  - pore water pressure

I-N . (l+sin &) sin * = slope S
n+l (1+sin #)

sin . - maximum dilation rate
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In the above method the intercept "c" is assumed zero and a
plot of the pressuremeter data in terms of log (P-U0 )
(effective cavity stress) against log (-R/Ro) will tend towards
a straight line with a slope S. This slope is related to the
in-situ friction angle (#) and the maximum dilation rate (sin
2/).

For very dense sands the intercept "c" is essentially
negligible and for all practical purposes can be ignored. The
results of the laboratory studies conducted by Jewel et al.
(1980) in very dense sands (DR = 90%) using the self-boring
pressuremeter probe show that the above technique appears to
work very successfully. In loose materials the method is not so
convenient as the pressuremeter does not expand sufficiently
for the sand around the probe to reach the linear portion of
its volumetric strain/shear strain curve.

The method by Robertson (1982) expands on the method by Hughes
et al. (1977) but incorporates an empirical correction to
account for the non-linear nature of the volume change - shear
strain relationship (see Figure 20).

The method developed by Manassero (1987) is also a further
development of the Hughes et al. (1977) method but incorporates
the full non-linear nature of the stress-strain curves. The
method assumes that Rowes stress dilatancy concept is valid and
solves the shear-volume coupling in a unique manner by using a
finite difference numerical solution.

The method by Manassero (1987) allows the complete stress
strain and stress path to be calculated for each pressuremeter
test. Figures 21 and 22 show typical examples of the calculated
stress strain and stress paths for pressuremeter tests with
ideal installation. From the stress path plots (d) in Figures
21 and 22 it is clear that the soil surrounding the probe is
initially strain hardening up to the point of peak strength
(OV/})max, and then strain softening.

The deviation of the soil behaviour from the simple isotropic
elastic behaviour can be represented by the angle p (see
Fig.23), which is the angle between the point of peak strength
(*r/2)max and the initial mean normal stress, Po. Values of p
are given in Table 11 for each pressuremeter test analysed
using the method by lanassero (1987). In order to avoid
numerical instability in the calculation of the stress strain
curves and stress paths using the method by Manassero (1987) a
7th order polynominal function was made to fit the measured
curve.
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Full details of the method by Manassero (1987) is given in
Appendix IV.

The methods by Hughes et al. (1977), Robertson (1982) and
Manassero (1987) have been evaluated using the results from the
SBPT's performed in the CC, and results are presented in Table
11.

All three methods require a knowledge of the friction angle at
constant volume (Ocv). Values of Ocv were determined for Ticino
and Hokksund sand using a ring shear apparatus. A summary of
the ring shear results are shown in Figure 24. An average value
of Ocv = 34" was used in the analyses.
A summary of the calculated angles of friction and dilatancy
obtained from the pressuremeter tests performed in the CC are
presented in Table 11.
Peak friction angles have also been determined from triaxial
tests on Ticino sand at various stress levels and densities.
Triaxial specimens were formed using the same pluvial
deposition technique as used to form the CC specimens.
The peak friction angles (OPS ) and dilation angles ( PS )

determined from the pressuremeter are obtained under
approximately plain strain conditions and are related to the
average effective stress around the probe during the test.
Therefore, to compare the calculated peak friction angles from
the pressuremeter (pS) with those obtained from triaxial tests
(4 x) requires some corrections to account for stress level at
failure (off) and boundary conditions (plain strain-triaxial).

The peak friction angles obtained from the laboratory triaxial
compessin tets (TXs tests (¢T ) where corrected to the equivalent

stress level at failure (ajf) occurring in each pressuremeter
test and then corrected to an equivalent plain strain value

PS(*Is).

The stress level at failure (vif) for each pressuremeter test
was calculated assuming a linear elastic isotropic soil
behaviour, where:

If ho [1-sin2 45] ...(19)

The values of TX were then determined at the oif stress level

using the curved strength envelope equation developed by Baligh
(1975), where:

tan #TX. tan # tan. -l20)
0 2.3 Pa

where:

. . . .. .... ...... ..... ... .... .. .. . .. .. ... ... . ... .. .. b
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0TX = secant friction angle from triaxial compression test at

oif=2. 7 2 Pa

Pa = reference stress = 98.1 kPa

a = angle which describes the curvature of the failure
envelope

Values for ~X and a for Ticino sand are given by Baldi et al.
(1986).

The triaxial friction angle values were then converted to
equivalent S using the following equation by Lade and Lee
(1976) ; $PS = *TX . 1.5 - 17"

P -

The calculated equivalent *S values determined from the
laboratory triaxial results are also shown in Table 11.

PSI Comparisons between the calculated #Sfrom the SBPT results

using the methods by Hughes et al. (1977), Robertson (1982) and
Manassero (1987) and the equivalent *S obtained from triaxial
results are shown in Figure 25. The following comments can be
made about the results presented in Figure 25.

I. No method provides a reliable estimate of *PS for sands
from the SBPT.

2. The method by Robertson (1982) appears to produce less
scatter.

PS
S3. Generally the scatter in calculated #Sis slightly

larger for the test results where the probe was self-
bored into the CC.

It is interesting to note that, although most of the self-bored
results gave very poor values of cho due to disturbance, the
self-bored data gave reasonable values of OPS . This is
consistent with observations made in the field (Ghronna et al.,
1983; Jamiolkowski at al., 1985; Bruzzi et al., 1986).
Based on the CC results, it appears that the determination of
peak friction angle (#p) in sands using the self-boring
pressuremeter is not very reliable and depends on the method of
analyses.

Table 11 also provides the values of the stat parameter (o),
as defined by Been and Jefferies (1985). The # combines the
influence of both mean effective stress level and void ratio on
the dilatancy of sand and may correlate to the parameters
reflecting the behaviour at failure, i.e. 0,



5.4. Limit Pressure

Table 5 presents the calculated limit pressures (P,
each SBPT using two existing methods. rhe ?,o ter 1s P'i.t..,.

were:

Plim Method by Windle ind Wroth

AA
P1in :Method by Al Awkat i.')

Exizples of the plots to -a:i- ite P I m I:-
I.
Unfortunately, the zoncept .f A .nt pressure .5 -

applicable to pressuremeter tests in sand. especially .01th
maximum cavity strain of 3nly 10%. Because there .s -

fundamental concept to support the values 3f Pli*, their
application to design is related to ompirial correlat;ons.
This is further complicated by the fact that tifferent val.;es

of Plim are obtained from the different method1s see Table

5.5. Boundary Conditions

The laboratory studies by Fahey (1980) showed that the
condition of a constant horizontal stress boundary at some
finite distance from the expanding pressuremeter had the effect
of producing an apparent strain softening in the pressure
expansion curve. This situation was not observed in any of the
pressuremeter tests performed for this study. The reasons for
this apparent lack of boundary effect could be the folbowinq:

• The KNEL-CUI S CC is 1.2 a in diameter, compared to the

0.9 a diameter CC used by Fahey (1960).

* Fahey studied only very dense sand (D - 92%) in which
the plastic zone expands rapidly during the pressure-
meter test. for the tests in this study where 90%

there was no strain softening observed.

No influence of boundary effects could be 'ubserved for the

interpreted values of dho' G and s.

---- A-



6. SW"y AND COWCSIONS

'k ;eries .t 47 seif-boring pressuremeter tests have been

;.er::_rmed in he ENEL-CRIS ibration chamrer. 25 tests were

e rt -red wth the probe in-place during sample preparation

1e. ideal installation) and 22 tests were performed dith the

;;r to selt-ored into saturated sand. I test was not completed

St r;pt~red membrane luring probe installation (Test

.p i.te 't the testing .as to evaluate t !e perfornance ot

;eIt--, :: n pressuremetpr pr*oe under strictly :cntrolled
. IL :ttry -nditiins And to :riticil', review existing

. r
t
erpretat: n methods of SBPr in sands.

the 3:8P prote used in the 3tudy was the CA.nk_:eter Mark VIII

manufactured by Cambridge In-Situ Ltd., England.

rhe results Df the testing --an be summarized as follows:

1. Assesment of in-situ stress (&ho

Ideal installation:

Large scatter exists in the experimental data because of

mechanical compliance of the strain measurement system.

The precision required (approximately 0.005 mm) is

probably beyond the limits of a mechanical system.

There is, therefore, a need for improvement in the

measurement system of lift-off pressure, possibly by

adding non-contact precision transducers.

The existing strain arm design is sufficiently reliable

to measure radial displacement during the main expansion

phase.

Self-bored installation:

The disturbance caused by the self-boring process

generally rendered the measured lift-off pressure too

low, highly scattered and generally unrealiable.

However, the soil tested in this study (i.e. freshly

deposited, unaged, uncemented, clean sand) creates

particularly unfavourable conditions with respect to the

reliable assessment of in-situ stress. More reliable

assessment of 'ho may be possible in natural sand

deposits.
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2. Assessment of Shear Modulus. G

Even for the same sand (grain size, fabric, stress
history, etc.) the shear stiffness is a complex function
of; void ratio (e), effective stress (p'), shear strain
(0), number of cycles (Nc) and anisotropy and
plasticity.

* There is a need to improve the link between the measured
G and the stiffness required for specific design
problems.

* The initial shear moduli (Gi) and the secant shear
moduli (Gs) are both sensitive to disturbance and are
very complex to locate within the framework of elasto-
plastic theory.
Therefore, Gi and G. are almost impossible to link to
other laboratory and in-situ tests and to design
problems.

* The shear moduli determined from unload-reload cycles
(GUR or GR) are "elastic" but non-linear and are much
less sensitive to disturbance due to installation. GUR
or GRU should be linked to the relevant design problems
via appropriate corrections accounting for stress (p')
and strain (7) level. Soil anisotropy should also be
considered, since SBPT GUR = GHH, while in many
practical problems the value GyH is appropriate.

* Because GUR and GRU reflects the shear stiffness of
sands inside the current yield surface they implicity
refer only to overconsolidated (OC) materials.

* When relating GUR to the dynamic shear modulus (GO) the
influence of number of cycles (Nc) should also be
considered.

* Further theoretical work is required concerning the
application of GUR to engineering design practice.

* At present GUR represents a rather unique method to
assess directly some kind of shear stiffness for natural
sands in-situ, with the exception of, the dynamic shear
moduli from in-situ shear wave velocity measurements.
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PPS

3. Assessment of peak friction anle #p_

* A large scatter exists between the calculated Sfrom
the SBPT results and the equivalent vales P of pS
obtained from triaxial compression tests.

* None of the existing methods evaluated (Hughes et al.,
1977; Robertson, 1982; Manassero, 1987) provided
consistently reliable values of the peak friction angle

PSunder plane strain conditions ( S).

* Evaluation of the reference friction angle frcm labora-
tory triaxial testing is complicated by the c'rvature of
the failure envelope, the variation in stress level at
failure (off) in the pressuremeter test and the strain
conditions (plain strain-triaxial).

• The calculation of OPS from the self-bored pressuremeter
tests appear to be less sensitive t o initial disturbance
than the measurement of in-situ stress (-ho).

* The method by Robertson (1982) appears to produce less
scatter.

* Because of the relatively high densities (DR > 40%) and
low stresses (max 500 kPa) the sand tested had S 4".
Therefore, the high friction angles creates particularly
unfavourable conditions for the # methods evaluated.

The objective of this study has been to verify the performance
of the SBPT in sand and to critically review existing
approaches to interpretation of the data for geotechnical
design.
The objectives of this study have been reached. However, the
study has produced extensive data concerning the SBPT in sand
and not all the information has been fully studied and
discussed in this report. Further research can be performed to
fully evaluate all the available data resulting from this
study.
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MOTATIOKS

BC = Boundary condition

L = Length of pressuremeter membrane (490 mm)

D = Diameter of pressuremeter (82 mm)

ch' aA = Horizontal stress; total and effective

So = Vertical stress; total and effectiveJ~ v

DR = Relative density (after consolidation)

Ko 0= Coefficient of earth pressure at rest

OCR = Overconsolidation ratio

v = Vertical strain

Mt = Tangent constrained modulus
0

Ms = Secant constrained Modulus0

0o = Pressuremeter cavity strain

Ro 0= Initial radius of cavity

AR = Change in radius of cavity

P0  = Lift-off stress

po (AV) = Average lift-off stress (3 Arms)

p' = Effective cavity stress

Py = Yield stress

PC, = Effective cavity stress at start of unloading cycle

4PS = Friction angle under plain strain conditions

-TX = Friction angle under triaxial conditions

G = Shear modulus

.. . . .. .. .... ..... ... .. . . . . .. . . . . . . . ... . |b
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Gi = Initial shear modulus

G1.5 = Secant shear modulus at cavity strain of 1.5%

GUR, GRU = Shear modulus for unload-reload and reload-unload
cycle

GURoGRUo = Shear modulus from unload-reload and reload-unload
cycle normalized to the stress level ao

Go  = Maximum dynamic shear modulus obtained from
resonant column test

7d = Bulk density

uo  = Pore pressure at center of CC

'AA

Plim = Effective limit pressure using method by Al Awkati
(1975)

"WW
Plim = Effective limit pressure using method by Windle and

Wroth (1977)

A-AB = Shear strain increment during unload-reload or
reload-unload cycle

PAV = Calculated average effective stress around cavity

= Maximum dilation angle

= Angle of straight line connecting pl and the point
of peak strength (a/ea)max

= State parameter (Been and Jefferies, 1985)



TABLE I

St4IARY OF !WSTALLATION CONDITIONS k:u SELF-BORING

Test BC Mebrano Ty- Chamber Cutter Advanlceent Cutts, -tor -
Drainage Sett n& Rat. Speed F' :-sc e

No. cal :=".In revlsin 's~

231 B-1 Not protected Open at top 2.5 3 0 5060 i-, 5 25 cm before 4=d of installation
and base stopped for 3 =ns

238 B-1 Not pr-tected Open at base 2.5 .4 50 60 In 5 nsruent rT-a-ed 130' with
respect to est 4o.237o10 cm
from end :f -stallaton
stopped fr - ocos. At end of

instaUlatico f---ng in CC

239 B-i Not ;rotected Open at base 2 5 2 52-50 5 10 -n fren e-I :fc sltatcsn

probe starte-2 to toft

240 B-i Not protected Open at base 2.5 3 0 50-60 5 Failed test !-e to ruptured
I embrane &-4 installation

241 B-1i Protected Open at base 2.0 3.0 50+60 :1 5

242 B-I Not protected 'en at base 1.9 3.3 50n0 io5

243 B-1 Not protected Open at base 2.5 '.2 50+60 5

244 B-i Not protected Open at base 3.5 3.0 50,60 .5

245 B-i Not protected Open at base 5. 3.0 60 0-9 5 After 22 cm of penetration in-
stallation stopped for 5 mine

246 3-3 Not protected Open at base 4.5 3.0 60 a 5

247 B-3 Not protected open at base 3.4 3.0 60 0l:: 5

250 B-4 Not protected n at base 3.4 3.0 s0 +i0 5

251 B-4 Not protected n at base 3.4 3.0 60 1I 5

252 B-4 Not protected Open at base 3.3 3.0 60 1 5

253B-A Not protected an at base 3.3 3.0 60 - 5

253 B-I Not protected On at base 3.3 3.0 60 I 5 5

255 B-1 Protected On at base 3.3 3.0 60 1I 5

256 3-4 Protected " at base 2.4 3.0 60 :1 5

257 3-4 Protected O at base 1.9 3.0 60 11 5

258 3-4 Protected Opn at base 1.9 3.0 60 12 5 Probably disturbed due to
drilling vibration*

253 3-4 Protected Open at bas 1.9 3.0 60 1i 5 Probably disturbed due to
dril1ing vibrations

260 3-4 Protected open at base 1.9 3.0 60 ". 5

261 8-4 Protected Open at base 1.9 3.0 60 1

TESTS FROI 237 TO 261 SAMPLES F'-..Y SA77ALATED



TABLE 2

SUNMARY OF GENERAL rALIBRATION CHAMBER CONDITIONS AFTR SAMPLE CONSOLIDATION

Test Sand Yd DRC OCR ao 0 ho K°  u. Mo ';umber of BCv 0 0 0 cyc les

No. kN/m3  
- kPa kPa - kPa MPa UR RU

201 HS 16.08 67.0 2.77 112.8 74.56 0.662 0 192.18 2 1 1

207 HS 15.22 43.9 3.29 109.9 64.75 0.586 0 185.51 2 1 1
I 208 TS-4 14.82 43.2 1.00 112.8 45.13 0.400 0 34.14 2 1 1
D 209 TS-4 15.01 49.2 1.00 116.7 51.99 0.441 0 43.56 3 1 1
E 210 TS-4 15.13 53.3 1.00 511.1 244.27 0.479 0 100.06 3 1 1
A 211 TS-4 15.57 67.4 1.00 512.1 242.31 0.473 0 114.88 3 2 1
L 212 TS-4 15.49 64.6 2.86 110.9 82.40 0.747 0 189.82 3 1 1

213 TS-4 14.96 47.5 2.78 112.8 83.39 0.740 0 168.63 3 1 1

I 214 TS-4 14.80 42.4 1.00 113.8 53.96 0.476 0 50.82 3 1 4
N 215 TS-4 16.42 92.3 1.00 514.6 225.63 0.439 0 143.72 3 1 1
S 216 TS-4 14.92 46.3 7.57 60.8 56.90 0.927 0 156.76 3 1 1
T 218 TS-4 15.51 65.4 7.66 59.8 59.84 0.980 0 169.62 3 1 1

A 219 TS-4 15.52 65.9 5.46 112.9 101.04 0.902 0 207.48 3 1 1

L 220 TS-4 14.95 47.2 1.00 313.3 150.09 0.481 0 80.15 3 1 1
L 221 TS-4 14.87 44.6 2.88 108.9 81.42 0.751 0 167.36 3 1 1

A 222 TS-4 14.92 46.2 5.50 111.8 95.16 0.850 0 199.05 3 1 1

T 224 TS-4 15.81 74.6 5.38 113.8 93.20 0.816 0 222.39 3 1 1

I 225 TS-4 15.81 74.6 5.46 111.8 87.31 0.775 0 218.27 3 I

0 228 TS-4 15.89 77.0 1.00 518.0 215.82 0.417 0 120.27 3 1 1

N 233 TS-4 15.98 79.6 1.00 512.1 224.65 0.439 0 121.25 3 1 1

234 TS-4 15.93 76.1 5.34 115.8 103.99 0.904 0 216.21 3 1 1

235 TS-4 14.99 48.5 1.00 516.0 239.36 0.465 0 80.54 3 - 1
236 TS-4 15.83 75.2 2.72 114.8 78.48 0.686 0 190.41 3 1 1

237 TS-4 15.79 74.6 2.90 96.1 81.42 0.850 6.87 178.35 3 1 1
238 TS-4 15.79 74.8 2.83 101.0 83.39 0.828 5.89 171.28 3 1 1

239 TS-4 15.79 74.8 2.84 101.0 86.33 0.856 5.89 169.32 3 1 1
240 TS-4 16.47 94.1 2.84 101.0 90.25 0.892 5.89 195.22 3 1 1

241 TS-4 16.38 91.8 2.76 104.0 86.33 0.829 5.89 192.37 3 1 1
242 TS-4 14.72 40.1 1.00 103.0 49.05 0.475 6.87 32.67 3 1 1

S 243 TS-4 14.79 42.7 3.10 95.2 74.56 0.785 6.87 141.46 4 - 1

E 244 TS-4 14.80 42.8 6.12 97.1 94.18 0.970 5.89 172.36 4 - 1

L 245 TS-4 14.72 40.0 1.00 102.0 54.94 0.539 6.87 41.40 4 - I

F 246 TS-5 14.72 43.0 1.00 102.0 52.97 0.523 6.87 45.32 4 - 3
247 TS-5 14.80 43.0 4.19 190.3 147.15 0.776 6.87 212.58 4 - 3

B 250 TS-5 14.81 43.0 1.00 480.7 219.74 0.457 6.87 93.20 4 - 4
0 251 TS-5 14.74 41.0 1.00 100.1 51.01 0.508 6.87 36.30 4 4

R 252 TS-6 15.79 75.0 1.00 101.0 52.97 0.518 6.87 58.27 4 1

E 253 TS-6 15.68 71.0 1.00 103.0 52.97 0.517 6.87 58.99 4 3
D 254 TS-6 15.69 71.0 6.16 97.1 88.29 0.912 6.87 194.43 3 1

255 TS-6 15.49 65.0 1.00 108.9 55.92 0.514 6.87, 56.70 2 1

256 TS-7 15.46 65.0 1.73 345.3 277.62 0.690 6.87 263.69 4 1
257 TS-7 16.22 87.0 1.00 130.5 77.50 0.597 6.87 69.16 4 1

258 TS-7 16.18 86.0 1.00 495.4 226.61 0.458 6.87 125.47 4 1
259 TS-8 16.39 92.0 4.63 138.3 139.30 1.008 6.87 215.62 4 1

260 TS-8 16.29 89.0 1.00 131.5 78.48 0.595 6.87 70.S3 4 3
261 TS-8 16.37 91.5 3.99 199.1 157.94 0.797 6.87 261.44 4 1

262 TS-9 16.28 88.7 1.00 113.8 45.10 0.398 0 73.77 4 1

IDEAL 263 TS-9 16.29 89.1 1.00 112.8 103.00 0.913 0 229.46 4 1

. . . ... .. .. ... . ... . .. .. . ......... .. .. .... ... ... - . . . ... . . . . .. _ _



TABLE 3

SU14ARY OF PROBE AND CC CONDITIONS DURING SELF-BORED TESTS

Test BC Membrane Type, Notes
No.i

237 B-I Not protected Modified arms + bushings

238 B-1 Not protected Modified arms + bearings

239 B-1 Not protected Arms + bushings

240 B-1 Not protected Arms + bushings

241 B-1 Protected Arms + bushings

242 B-I Not protected Arms trimed and rounded + bushings

243 B-1 Not protected Arms + bushings

244 B-I Not protected Arms + bushings

245 B-i Not protected Arms + bushings

246 5-3 Not protected Arms + bushings

247 B-3 Not protected Arms + bushings

250 5-4 Not protected Arms+bushings.5 lift-offs. Relaxation time-96 hrs

251 1-4 Not protected Arms + bushings

252 B-I Not protected Arms+bushings. Relaxation time-71 hrs

253 1-3 Not protected Arms+bushings. At 5 bat
total pressure and 41 strain membrane ruptured

2541B-1 Not protected Arms+bushings. At 5.5 bar
total pressure membrane ruptured

255 5-1 Protected Arms + bushings

256 5-1 Protected Arms + bushings

257 1-1 Protected Arms + bushings

258 B-1 Protected Arms + bushings

2591B-1 Protected Arms+bushings.After 1st loop manual expansion due
to problems with SCU

260 B-3 Protected Arms+bushings.After 3rd loop aanual expansion due
to problems with SCU

261 B-1 Protected Arms+bushings.After lst loop manual expansion due

to problems with SCU



TABLE 4

SUMMARY OF LIFT-OFF PRESSURES OF INDIVIDUAL ARMS

Test 1ho ARM i ARM 2 ARM 3 Average

No. kPa kPa kPa kPa kPa

201 74.56 82.06 84.07 71.06 76.06 0 S
207 64.75 150.53 69.05 65.05 65.05 R T

I 208 45.13 28.02 34.03 34.03 28.02 1 R
D 209 51.99 42.03 49.04 43.03 45.04 G A
E 210 244.27 87.08 61.10 136.12 81.06 I 1

A 211 242.31 65.02 65.02 90.03 56.04 N N
L 212 82.40 108.95 114.45 104.25 104.27 A

213 83.39 129.25 164.26 165.15 120.23 L
I 214 53.96 49.23 61.19 63.25 49.21 A

N 215 225.63 347.36 379.52 256.25 254.27 R
S 216 56.90 139.26 97.28 80.22 73.23 M
T 218 59.84 85.22 117.29 165.64 80.22 S
A 219 101.04 179.27 173.29 145.24 131.28

L 220 150.09 171.32 122.29 190.35 139.28
L 221 81.42 68.26 93.26 152.30 68.26 A
A 222 95.16 119.25 163.28 146.32 141.28

T 224 93.20 116.70 162.30 136.02 124.84
I 225 87.31 98.44 105.54 115.67 96.41
0 228 215.82 200.81 274.79 222.09 207.90

N 233 224.65 227.67 237.19 217.36 217.36 V
234 103.99 134.07 124.56 144.39 117.42

235 239.36 115.04 109.48 70.62 142.80
236 78.48 95.22 90.52 115.92 88.12

237 88.29 88.26 148.18 86.10 86.05 M
238 89.28 177.50 309.01 50.01 50.01 0
239 92.22 86.78 146.42 300.68 67.15 D
241 92.22 80.39 80.39 356.82 80.39 1
242 55.92 30.99 30.99 27.26 30.33 F

S 243 81.43 25.20 27.56 23.14 25.15 I
E 244 100.07 37.27 24.71 22.07 24.58 E
L 245 61.81 59.82 46.78 44.62 40.95 D
F 246 59.84 70.81 18.53 97.58 19.81

247 154.02 26.53 18.53 78.65 18.53 S

B 250 226.61 82.06 84.07 71.06 76.06 T
0 251 57.88 13.15 8.49 18.33 15.09 R
R 252 59.84 90.79 68.44 114.35 74.51 A
E 253 59.84 12.47 13.94 29.12 10.85 I
D 254 95.16 34.94 31.28 36.88 34.94 N

255 62.79 36.47 57.51 62.38 36.47
256 284.49 137.17 81.83 73.14 71.83 A
257 84.37 62.98 47.64 79.05 47.64 R
258 233.48 122.34 122.34 53.53 50.67 M
259 146.17 64.34 37.34 32.46 43.17 S
260 85.35 45.00 32.65 42.90 27.40
261 164.81 79.79 88.16 67.02 63.65
262 45.10 46.93 57.12 57.81 54.54

IDEAL 263 103.00 134.38 125.64 129.64 125.64

IDEAL p (AV) SELF-BORED p (AV)

INSTALLATION: 0 - 1.07 ± 0.29; INSTALLATION: 0.47 ± 0.28
'ho -ho



TABLE 5

SUMMARY OF LIMIT PRESSURE AND SECAPT SHEAR MODUIuS

-- - - AA I -T

Test p. ' ism O 5 G , I

No. kPa kPa kPa MPa MPI '

201 I 76.06 1471.50 11177.201 i4.81 11. 3 .

207 65.05 882.90 784.80i 13.73 1P

208 28.02 529.74 4 12.02 9,71 .

209 45.04 686.70 637.65 9.52
210 81.06 2648.70 

2
15

8
.20 70.02 .1

211 56.04 2844.90 2158.10 3 .

212 104.27 1402.83 1226.25 15.9 12 
213 120.23 1098.72 1079.00 17.16 12
214 49.21 804.42 784.80 10.40 ,,

215 254.27 3678.75 2943.00 45.42 32 i 2
216 73.23 725.94 588.60 16.97 11.67 32
218 80.22 971.19 784.80 18.25 13... 11 01)

219 131.28 1599.03 1373.40 27.57 19 2 ". 0
220 139.28 1236.06 981.00 20.01 14,22 11 .8
221 68.26 1059.48 833.85 20.11 13 64 1' 09
222 141.28 1206.63 981.00 17.46 12.-5 1 9
224 124.84 1716.75 1373.40 21.48 16.97 1. .2
225 96.41 1579.41 1275.30 20.70 15.99 13.93

228 207.90 2992.05 2305.35 33.45 24.13 21.58
233 217.36 2943.00 2207.25 26.68 22.17 20.21
234 117.42 1765.80 1373.40 24.72 18.54 15.60
235 142.80 1955.13 1373.40 33.54 25.89 21.38
236 88.12 1402.83 1079.10 19.03 14.72 12.46
237 79.18 1464.63 1170.33 25.31 19.72 15.70
238 44.12 1220.36 975.11 39.34 27.37 20.99
239 61.26 1396.94 1073.21 32.57 23.54 18.93
241 74.50 1818.77 1416.56 35.81 28.84 23.25
242 23.46 454.20 336.48 4.71 4.22 3.73

243 18.28 365.91 287.43 5.59 4.71 3.92
244 18.69 680.81 455.18 8.73 7.65 6.97
245 34.08 513.06 434.58 7.11 6.07 3.60

246 12.94 689.64 532.68 12.75 9.26 7.51
247 11.66 1611.78 1170.33 9.11 8.81 8.22

250 69.19 2494.68 1906.08 53.06 32.03 24.08
251 8.22 326.67 238.38 4.28 3.58 3.12
252 67.64 1037.90 807.36 18.14 13.57 10.93

253 3.98 985.91 651.38 10.31 11.21 10.64
254 28.07 1248.81 630.78 11.60 13.33 13.30
255 29.60 1219.38 812.27 18.28 14.77 13.20

256 64.96 1629.34 1269.32 28.93 24.23" 19.85
257 40.77 1098.62 822.96 21.12 17.37 14.41
258 43.80 3918.02 2667.24 38.98 33.59 30.65
259 36.30 2065.89 1269.32 37.32 31.38 26.26
260 20.93 1833.39 1254.60 22.57 17.62 15.03
261 56.78 3231.32 2262.09 42.59 37.04 32.25
262 54.54 1149.7 826.0 13.00 10.88 9.64
263 125.64 2047.3 1500.9 25.56 19.99 17.15

,.6 n f
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FIG I SCHEMATIC CROSS-SECTION OF ENEL CRIS CALIBRATION CHAMBER
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FIG. 2 SCHEMATIC OUTLINE OF CC LOADING SYSTEM AND OF

DATA ACQUISITION SYSTEM FOR SBPT IN SAND
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FIG.3: SCHEMATIC OUTLINE OF SELF BORING

PRESSUREMETER PROBE -CAMKOMETER

MARK VIII

o- FLUSHING WATER
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CABLE AND GAS
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-.-
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SAND 1-TICINO 2-HOKKSUND

DOMINANT QUARTZ (30%) QUARTZ (3S%)

MINERAL

ANGULARITY 8+-9 6-8
(LEES' CHART)

MICA -'5% -10%

}''max (tm/rT 3 ) 1700 1.759

)rMin (t /m
3 ) 1391 1.438

GRAVEL SAND
1 1 C 1 1 M I F |

6.0 20 0.6 0.2 006
size(mm) I) _._

,oo ___ II

~30,

80%~

70%-

< 10 20 40 8020

sieves ASTM n
°

FIG.4 CHARACTERISTICS OF THE TESTED SANDS



-AND CONTAINER
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FIGS5: SCHEMATIC OUTLINE OF SAND SPREADER



FIG.6: SCHEMATIC OUTLINE OF IDEAL INSTALLATION IN CC
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__--CC MEMBRANE
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FIG.7: SCHEMATIC OUTLINE OF SELF-BORING INSTALLATION
PROCEDURE IN CC
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FIG.8: EXAMPLE OF SAMPLE CONSOLIDATION

CC TEST 234 - SBP

TICINO SAND TS-4; DR  76.1%; OCR -- 5.34

CONSOLIDATION PH1ASE, BC3

Vertical Radial K Tangent
Stress Stress Constrained

Modulus

' a' Mt
v o

k/cm 2  
[kg/cm

2  
[kg/cm

2  
PRIMARY LOADING

j.12 0.08 0.613.
0.34 0.15 0.4 1 5 346.7
0.68 0.30 0.41 524.8

1.19 0.52 0.433 676.1

1.71 0.75 0.433 794.3

2.20 0.97 0.439 891.3

2.71 1.19 0.440 912.0

3.19 1.40 0.439 1047.1 v

3.70 1.62 0.439 1122.0 t4.21 1.82 0.439 1202.3 0

4.73 2.08 0.439 1225.9
5.24 2.30 0.439 1318.3
5.76 2.53 0.439 1349.0

6.28 2.76 0.439 1412.5 UNLOADING

Vertical Radial K Secant o"
Stress Stress 0 Constrained

Modulus

a af MS
0

2 2 21
[kg/cm2 kg/cm2 [-] [kg/cm M

2884.0

6.05 2.71 0.448 2884.0

5.84 2.66 0.456 3890.5

5.63 2.61 0.464 3890.5

5.43 2.56 0.473 3630.8

5.22 2.52 0.482 3388.4

4.72 2.39 0.507 3162.3

4.18 2.25 0.538 2818.4

3.69 2.11 0.572 2630.3

3.18 1.95 0.611 2290.9

2.70 1.78 0.657 2089.3
2.16 1.56 0.722 1862.1

1513.6
1.60 1.30 0.812 113.6
1.18 1.06 0.904

1. Stresses at mid-height of sample (75 cm)

2. No lateral strain Ath - 0



FIG. 9: AVAILABLE BOUJNDARY CONDITIONS IN CC
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FIG 10 TYPI4CAL TEST RESULT FROM SBPT IN CC

CC TEST IW234 SSP
TICINO SAND TS 4. ,)R76.I/, OCR -534

PRESSUREMETER TEST. SCI

*All data refer-ed to the average strain of the three strain
arms. corrected tor mermbrane stittrness

~-6

u 4
a, I
0

0 2 4 a a to

-AJ

CAIT AVERAGEf
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FIG. 11: COMPARISON OF MEASURFED LIFT -OFF STRESS AND
APPLIED HORIZONTAL STRESS FOR IDEAL INSTALLATION
IN CC



FIG. 12

1-D STRESSING OF THE CAMBRIDGE KoCELL IN CC

TICINO SAND. DR= 60%, TEST N ° 226
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FEELER ARM COMPLIANCE
DURING COMPRESSION PHASE

IDEAL INSTALLATION TEST N 213

0: T T

( r m
(5 1 h 108 kg cr

2 , = 1:34 kg/crn"l

z I rv  2  2 0  kg/CM 
2  

, 2 71 kg/crn:l
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wi
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> t -2.56 kg/cm2  (h="S3kg/Cm2  7 2 16 kg/m
E
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4UNLOADING
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TIME (mIn)Vw

FIG. 13
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FIG 15 DETAILS OF ORIGINAL AND MODIFIED SBP

STRAIN ARMS

ORIGINAL DESIGN

30 5 82.4 ,mm

6

,317

, ,- 12-

Material:
Brass

MODIFIED DESIGN

(30 5 91 5mm

4.5

10

Ball bearing L 361 85.9
S3175 - - - -

122 mm

Material:

Stainless steel
AISI 420 F
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FIG. 17. SCHEMATIC OF SHEAR MODULI FROM SBP TESTS



22
ELASTIC PERFECTLY ELASTIC-PLASTIC

PLASTICWORK HARDENING*

2' 
3

222

011- LINEAR ELASTIC 01- ELASTIC

f.-2 -~PERFECTLY PLASTIC i'2' -~ ELASTO-PLASTIC STRAIN
HARDENING

2' -~ -qrl =MAXIMUM

23'- ELASTO-PLASTIC STRAIN
SOFTENING

(*) ACCORDING MANASSERO (1987)

FIG. 18: SCHEMATIC OF EFFECTIVE STRESS PATH
OF SOIL ELEMENT ADJACENT TO AN
EXPANDING PRESSUREMETER
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- 0.2 - LOOSE SAND

0.1' DENSE SAND 0 .1i

10 20_I4050

a) RESULTS OF SIMPLE SHEAR TEST (AFTER STROUD
1971)

s s

p p

v

0 t

b) SIMPLIFIED MODEL ASSUMED BY HuDGES ET AL
(1977)

FIG 20 STRESS-STRAIN AND VOLUMETRIC STRAIN-

SHEAR STRAIN CURVES FOR a) SIMPLE SHEAR
TEST RESULTS (STROUD. 1971), b) IDEALIZED BY

HUGES ETAL (1977)



FIG.21: Stress/I strain relationships from- test N 222 (D :46.2/A)

MANASSERO (1987)

a

2 14 i 6 11. I S 2

a)VOlurnetric Strain vs shear strain b) Stnear stress vs Shear Strain

'.a
,aOr G() (MPa) (MPa)

.1 2

4 2 .3

a.pa

2

c) Stress ratio vs shear straw-I d) Shear stress vs mean normal stress



FIG.22 -Stress /strain relationships from test N 228 (OR= 77.0,;

MANASSERO (1987)
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FIG. 24: ocv OF SANDS USED IN CC TEST
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ENEL.CRIS OF MILAN AND TECHNlCAL L'NIVERSITY OF TURIN

CC TEST N 234 SSP

TICINO SAND TS-4' Dr-76.1% OCR-5 34

PRESSUREMETER TEST. SCI
(Al! t.:a referred to the averaig strain of the three strain arms)
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ENEL-CRIS . "'.AN AND TECHNICAL OiEFSITY F RIN
CC TEST N 234 -

T,': '- SA ;D TS-4; Dr-76,14. 34--5 ]
?.ESSUREMETER TEST. 3-1

All data ref~rr: -.o -he average strain 3f the three szrat arms)
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AND TS-4; Dr-76 I%. O R- .
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,. fata tet.erre1 t- he average s-rain of the three strair. arms)

LOOP N° 2 UR

o loading (AR/RO)A,= 1.994

I * unloading (ARIRO)B 2058

o reloading ;)4= 4.467 ,g/cm
2

p3= 5.273 g/cm
2

5.60 
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5
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CC TEST N.234 - S3?

TICINO SAND TS-4; Dr-76.1t. OCR-5 3.
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APPE14DIX III

CALCULATION OF AVERAGE STRESS ON

HORIZONTAL PLANE IN PLASTIC ZONE

AROUND EXPANDING CAVITY

I-Ii



r ,-

AVERAGE STRESS Ol HORIZONTAL PANE IN PLASTIC ZONE

+ " H

2 1h-sin es r
where:
o r'  = radial effective stress at a generl: raliial ds'j :. e

r ' Fp
= circumferential effe:tive stress it -- ' .r - i.

distance r s R

p, = effective cavi y stress at 'hi:h .r- iL.;-r.. s,.

loop starts

r = radial distance

R = radius of plastic z:ze
R = current cavity radi.s

1-sin :.'S

1+sin 06S

Rf s ir

Rf dr
or:

Rf s - 2wr drPiv . p-... (2b)

Rf 2*r - dr

Due to the tentative and preliminary nature of the proposed
approach, the more simple solution ... (2a) integrating s along

the radius r is the only method considered here.

Introducing the value of s from equation ... (1) into eqJation

... (2a) one obtains:

PC [R~ Rf(r rKa-1 dr

Piv 1 + sin fk R " R

~ RP jKa-A~V I - sin 06s R .. 3

R

. . .. . .. . . . ..... .. .. . . . . . q



AIso; R I sin ops

Introducing the ratio P from equation ... (4) into equation
R

(3) one obtains:

-ho (1+sin ps) 1

where:

Ka  i - sin PS
I-Ka  2 sin oS

1 2 sin Ok
-Ka i + sin *S

From equation ... (5) the following two formulae allows the

evaluation of PAY in the plastic zone around the expanding

cavity

At - of .. (6a)

or:

Piv = P, ... (6b)

where:

1 h0 (l+sin 'S) - 1

(1-sin t oS) ( Pc i'2
10 o (1+sin 6 $1 1

ho (1-sin ')o ) 2
PI s°o (1+sin Ofs) - (

..o
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Equations (6a) and (6b) are valid only if a plastic zone exists
which means:

Otherwise one has to assume Piv ofo

Ii 06
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DETAILS ON RANASSERO 41987) METHOD
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FROCM DRAI';EZ SE--LF 3, RING TES 'STS :'N zS:.L

A-l'~ N e

ABSTRACT

A nzmerical .~:i s presented in order to Lti.t.e*ct±
te stresses and strains path during a self boring pressuremne-
ter test (SBPT) in sand.
Plane strain conditions and a material behaviour according to
Rowe's /23/24,' dilatancy theory are assl..med.
The obtained results have been checked using a large nu!.-.ber of
SBPT in sand performed in a calibraticn chamber (CC).

RIASSUNTO

Viene illustrato un procedimento di cal.colo numrrco che per-
mette di ottenere gli andamenti completi delle componenti di
tensione, e deforrmazione durante una prova di espansione esegii
ta, con il pressionetro autoperforante (SBPT) in sabbia.
Si ipotizzano condizioni di detormazione piane ed un comporta-
mento del materiale in accordo con la teoria della dilatinza
di Rowe /23/24/.
I risultati ottenuti sono stati controllati usando nunerosi
SBPT in sabbia, eseguiti in camera di calibrazione (CC).
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1. INTRODUCTION

The first closed form sol.ticn of an c:.:3anding cavity

proble- has been obtained cnsidering a linear elastic

material and small deforma:icns (La:4 '18,1.

By usin. this solution it is possible t7 find the ela-

tic shear modulus G both frj: the firs- part cf the

SBPT and from an unlcad-rez:A cycle.

Soluti::ns for a lincar 1% --*1Ste.-73.-ac-

rial have been presented later by 3 1h *e t al. 6,

for a .jre cohesive soil. and by Hill " Menar,

)'20/, Cassan /8/, Salen.-n /25! an- .es: .26/ f r

frictional and cohesive sell.

On the basis of the above =entioned soluiticns, Gibson

et al. /10/, Ladanyi /13/14/15/16/, Palter /21/,Baguelin

et al . *,Wroth et al . 27 ', .1;; hes et -t" . 12 'ani P:,b-rtZ -n

/22/ have presented procedures for the interpretation

of pressuremeter tests, allowing the derivation of Lhe

stress-strain relaticnshp of a soil el7Cent at the

inner boundary of the expanding cavity.

The interpretation method for a pure frictional mate-

rial presented in this paper is clcsely related to

Wroth% et al. /27/ and Hughes's et al. 12/ analyses

and it is based on Rz 'e's /23/24 dila-_n:y theory.

2. BASIC ASSUMPTION

The basic assumptions, used in the here presented ap-

proach, are briefly sum=.arized in the following points

a) The particulate material surrounding the infinitely

long expanding cavity deforms in plane strain condi

ticns, i.e. the vertical strain c = 0
z

1b



b) The principal stresses C I,o,0 3 are z:.ncident with

radial, vertical, hoop stresses arc:.nd the cavity,

rCza 0the same applies to the sirazns ,2, 3

and reCP 0 . In the following eith.er subscript

notations can be used.

c) Stresses and strains are posti:e 7: -ressicn.

d) All stresses and strength parameters are in ter7s

cf effective stress.

e) The strains are ccnsideret

plastic. Elastic tra:ns are not . .

f) fricticnal fzrces act at the :in-2-- points f

.r::cles (sand rin1.

g) Strazns due to particle crushing cr ziastic yield at

contact points are supposed -.-t affecting the

soil behaviour in the case of the conte-plated sani.

h) The hypothesis of small strains is adcpted.

3. CONSTITUTIVE RELATIC7.S'IP

According to Rowe's /23/24/ theory, the behaviour of a

particulate medium ray be described by the following

equation:

IdI K cv ()
(a 2dc2+03dE3 P

where:
1 sin

KCV cv ..
Kc = cv :znstant 'lue ir...1al stresS ra-

cv *tnO ceefficient;

*cv a constant vol.ne friction angle

Taking into account for plain strain -:nitions

(dc2 . 0) the eq. 11) reduces to:

'I2



:v.4

01Ko dc3

3  p do:1 (2)

Shear (y) and volunetric (c ) strains are defined
v

the following:

EC - C3  (3)

vz E c3  (4)

s this last s ,t :,f equations t- 3tr.Zs rat:c

(7 , 3) can be excressed also as foll ws

KeV

3 P v
dy

The introduced relationships of the adopted constit'.ti

ve nodel are qualitatively shown in Fig. 1.

4. CAVITY EXPANSION RELATIONSHIPS

The equations of equilibrium and conpatibility of

strains all around the cavity are: (see also Fig.l

d r  ) _- r

i -" r (6)dr r

de, E -E,
rd =. Cr-)

dr r

where:

Srp: a principal stresses ( x and min) around the ca-

vity (corresponding to 01 and C 31

Cr#c 3 : principal strains around the cavity (corres-.'-

ding to I and c 3)

r : radial distance.

K a,
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This last set of equations with eq. (2) described in

chapter 2 allows to obtain the solution of the expan-

ding cylindrical cavity problem (See 5th Sect.).

5. PROPOSED METHOD

Expressing the equations (6) and (7) as function of
dr

and referring ther to a generic rad.us r around the

expanding cavity, zne can write:

_ ar E r-E

dcd
r L

introducing into e:. (8)

a dE
r r

p
given by eq. (2) and rearrangin; :t,cne gets

dc0 IKcv _.r)
(1 +lK -)V

do r a dc0
dE E C, (9)
d0  r D

being :cv
a Rcv

p

This equation of general validity zan bc solved r a

soil element at the cavity wall -.ere the = andr

=a E are measured. To do this analitically, a re13-

tionship Cr * f(C" I is required (see Hughes et a.

/12/), nevertheless knowing p a F Wfl one can sclve

eq. (9) using numerical techniques, like finite d!ffe-

rence.

t t '
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6. NUftERICAL ANALYSIS

With the aim to assess the E at the cavity .,all
r

through a numerical procedure, the following eqiaticns

at the points (i) and (i-I) can be setup (see also

Fig. 3).

= p(i) - o (i-I)

de c(i) - c (i-i)

dE £ -) - E (i-I)
r r r

d: _(1) C (1-1)

Introducing eqs. (10) and (11) into eq. (9), -sing ave

rage criteria between forward and backwards :nterpcz-

tions tecniques and making appropriate arrangements

it is obtained:

p(i) [ (i-1) K cv (i-1)1 - p(i-I)E(i)

( W a r -

r 2 [p(i) (1.Kc1 - p (i-I)]
a

p~i [c i-1 -£r i-1'_ + p(i-1) 'r i- ) ]K V - (ia
+ i E r -r a

2 K cv p (i-I)
a

(12)

Moreover knowing that c (0)=O,ejuation(12iallows to ccomr

pute step by step the unknown values E (i) from i = 1r

to i = n.

Once r(i), c.i),p(i) and c9 (0)= p{O) are kno-n, one

can compute from eqs. (3) and (4) the deformation com-

ponents Y(i), E (i) and solving equation (2) or (5),

once more with finite difference technigue, the comple-

te stress-strain curve and stress-path --'or the soil

element at the cavity wall can be assessed.
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TAB. I - TESTED SAND SHEAR STRENGTH

TICINO SAND

TX R2D R 00 OL R

(M) (0) (0) ()

45 38.2 4.2 0.67

65 40.2 6.5 0.78
85 42.9 8.1 0.89

TX
00oparameters describing the curved

a Istrength envelopes (Baligh/3/) (*)

R2= correlation coefficient

DR= average relative density of the tested
specimens, at the end of consolidation

TX Iff 1- TX ff )t p g = [tg.X ° tg ( ( - :C7 -1

p a f0 2.3 -10 o

where:
TX

0 T secant peak friction angle from laboratory triaxial
compression test

Tff= shear stress on the failure surface at failure

= effective normal stress on the failure surface at
failure

0 reference stress, assumed equal to 1 Kg/dm2

-98.2 KPaf0 secant friction angle from laboratory triaxial

compression test at ff = 2.72 0

a angle which describes the curvatuzre cf the failure
envelope.
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TAB. 2 i Experimental readings frcn Test N. 228

Rd -p p d -C p R -C p

N. J .MPa] N. L% 'MPa2 N. [% mi

I 222Mae .2089 40 .34645 .4124 72 2.11714 .B243
2 .20350 .2131 41 .36219 .4164 -- 2.2483G .8462
3 .20700 .2181 42 .37794 .4202 ?: 2.38134 .9672
4 .21225 .2232 43 .39194 .4266 2.51781 .2991
5 .2.575 .2292 44 .4254 .4312 3 2.65953 .311
6 .22100 .2343 45 .42!:a .4342 34 2.80826 .2337
7 .22625 .2383 46 .43333 .4395 22 2.88174 .9446
9 .22374 .2444 47 .45143 .4462 22 3.83221 .2674
9 .23849 .2524 49 .46893 .4506 97 3.19143 .2901
10 .24199 .2555 49 .4E117 .4543 -= 3.35055 .1129
II .04724 .2606 50 .54231 .4709 99 3 .5336 .0319
12 .25424 .2656 51 .53921 .4755 22 3,67959 1.0558
13 .O6124 .2716 52 .57216 .4901 ell 3.84923 1.0777
14 .26649 .2757 53 .58366 .4847 32 4.02950 1.2996
15 .07174 .2807 54 .62130 .4893 33 4.21146 1.1216
16 .28049 .2977 55 .62115 .494a 94 4.39517 1.1444
17 .23099 .2927 56 .63690 .4994 95 4.58588 1.1664
le .09798 .2969 57 .65440 .5050 BE 4.78184 1.18983
19 .12673 .3019 59 .67199 .5096 97 4.98129 1.2t1!
20 .11549 .3079 59 .68939 .5133 99 5.16425 1.2333
21 .12599 .3139 6 .71039 .5206 53 5.39595 1.2558
22 .13473 .3179 61 .72613 .5234 Lbe 5.61299 1.2795
23 .14349 .3229 62 .7G463 .5335 le 5.93684 1.3032
24 .15399 .328 63 .90312 .5437 :Z2 6.05904 1.3241
25 .16622 .3351 64 .94511 .5556 103 6.29.923 1.3468
26 .17672 .3390 65 .95984 .5804 14 6.52617 1.3686
27 .19722 .3451 66 1.8864 .5905 ia5 6.76586 1.3923
26 .19597 .3491 67 1.04109 .6006 i ZS 7.01430 1.414e
29 .20997 .3562 6 1.8132 .6109 107 7.27499 1.4377
30 .22047 .3602 69 1.12507 .6209 :29 7.53216 1.4594
31 .23096 .3652 70 1.16991 .6310 2-2 7.60334 1.4021
32 .24321 .3713 71 *.21255 .6411 1:2 9.0786 2 1.5056
33 .25546 .3763 72 1.25804 .6502 :I: 8.36144 1.5282
34 .26596 .3003 73 1.43301 .6999 112 8.65196 1.5499
35 .27996 .3984 74 1.53099 .7127 :13 9.5213 1.5715

7 36 .29395 .3924 75 1.63773 .7337 :- 9.26594 1.595e
37 .32795 .3994 76 1.74971 .75S6 115 9.58795 1.6156
39 .32020 .4034 77 1.26593 .7795 11 9.91325 1.6391
39 .33420 .4084 78 1.67s6 .S8I5 !17 io.

2
5265 1.6605

R d  : number of the experimental read4n;

: hcc, strain at the cavity wall

p : radial stress at the cavity i
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FIG.2 Stresses and strains around the expandir cavity
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FIG. 3: Use of pressuremeter curve for numerical anialysis
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FIG. 4: Characteristics of the tested sand
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FIG 5: Stress / strain relationships using the experimental

readings from test Nz 228 (DR= 7 7 .0 %)
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FIG. 6: Curve fitting results with 7th polynomial degree in
original p vs E plot
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FIG.1 Stress ratio - strain Curve for 5 th, 7th and 9 th
degree polynomials (Test K0 228)
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FIG.68 Stress Istrain relationships from test N. 222 (D:46.2 V)
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FIG.9 :Stress / strain relationships from test N. 228 (DR= 77.0/0.)
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